Effect of a temperature gradient on Sphagnum fallax and its associated living microbial communities: a study under controlled conditions.. Canadian Journal of Microbiology, NRC Research Press, 2011, 57 (3) Sphagnum segments (0-3 cm and 3-6 cm of the capitulum). Relationships between 37 microbial communities and abiotic factors (pH, conductivity, temperature, and 38 polyphenols) were also studied. 39
by cold winters (an average of −2.4°C in January) and mild summers (an average of 146 14.6°C in July). The annual mean temperature of the region is about 6.6°C. The annual 147 amount of precipitations is 1417 mm, and the duration of snow cover is an average of 148 50 day. year -1 . Surfaces of S. fallax as homogenous and pure as possible were selected. 149
Sixteen Sphagnum peat cores (25 cm x 15 cm) were randomly sampled with a knife. 150
Four peat cores were assigned in quadruplicates to described the initial stage (IS) 151 and 12 peat cores for the three treatments 15, 20 and 25°C (designated T15, T20 and 152 of communities. Peat cores were randomly placed between the different levels of the 154 growth chamber (Cryonext RTH600). General conditions selected were a relative 155 humidity of > 70%, a light intensity of 120 mol.s -1 .m -2 , and a photoperiod of 12h 156 (light)/12h (dark). Each treatment corresponded to 1 level of the growth chamber. For 157 each treatment, peat cores were placed in 1 big tray full of water (water level = 20 cm) 158
and were humidified with a standard nutrient solution (Volvic water). The water depth 159 was kept at 2 cm below the top of Sphagnum and readjusted with demineralized water 160 every 2 days. The average relative humidity of Sphagnum was around 90% in 161
Sphagnum segments for each treatment during the experiment. The 15°C temperature 162 corresponded to the temperature of the growth chamber. The 20°C and 25°C 163 temperatures were obtained by heating the water of the tray with respectively 2 thermo-164 divers of 50 and 200 W and 2 thermo-divers of 200 W. Moreover, aquarium pumps 165 (5L.min -1 ) were installed in the warm trays to obtain homogeneous temperatures. The 166 position of peat cores was changed in each tray every 2 days to avoid experimental 167 differences. The temperature was recorded several times a day during the experiment in 168 each peat cores. The water chemistry (pH, conductivity and Eh potential) was also 169 measured in each peat cores every 2 days. 170
Before and after 8 growing weeks 20 S. fallax were sampled in each peat cores 171 and cut into 2 layers from the capitulum 0-3 cm (upper segments) and 3-6 cm (lower 172 segments). For microbial analysis, the samples were fixed in 20 mL of glutaraldehyde 173 (2% final concentration). No mosses were taken from the 5 cm bordering peat cores to 174 avoid a border effect. 175 176 phenolics‖) were extracted using distilled water and corresponded to phenolics 181 susceptible to directly interact with microorganisms. Primarily bound phenolics 182 (hereafter -bound phenolics‖) were extracted using ethanol/distilled water solution 183
(80:20, v/v) and mainly corresponded to phenolic acids slightly bound to cell-wall. 184
Thereafter, free and bound total phenolic contents were quantified with the Folin-185
Ciocalteau reagent and were expressed in milligrams of equivalent gallic acid (A 760 ) 186 (Gallet and Lebreton, 1995) . 187
Microbial Communities analyses 188
Microbial organisms were extracted from S. fallax with the standard method of Nguyen-189 
Numerical analysis 221
Since the data distributions of microbial communities, phenolic compounds and water 222 chemistry were not normal and statistically dependant, a non-parametric 2-way analysis 223 of variance test (Friedman test) was used to determine the differences among the 224 temperatures (T15, T20 and T25). 225
To reduce the influence of dominant taxa in the multivariate analysis, carbon 226 biomass of microbial communities was transformed using the relation Ln(x+1) 227 (Nguyen-Viet et al., 2007). Multiple factor analysis (MFA) was used to assess the 228 general structure of the data and to determine the relationships among the 2 microbial 229 community's data sets (upper and lower) and the 3 environmental variables data sets 230 (water chemistry, temperature and phenolics). MFA was chosen because it allows the 231 simultaneous coupling of several groups or subsets of variables defined on the same 232 objects (Escofier and Pagès, 1994) . The MFA was performed in 2 steps. Firstly, a first 233 principal component analysis (PCA) was applied to the whole set of variables in which 234 each subset was weighted by dividing all its elements by the first eigenvalue obtained 235 from its PCA. Secondly, the normalized subsets were assembled to form a unique 236 matrix and a second PCA was performed on this matrix. Euclidean distances of global 237 PCA were then used in MFA to perform cluster analysis according to the Ward method, 238 and the resulting dendrogram was projected in the MFA ordination space. This analysis 239 revealed the main differences in the structure of the data described by all biotic and 240
abiotic subsets of variables (Lamentowicz et al., 2010). 241
We assessed the relationships among the microbial communities in the upper 242 and lower sampling depth and the 3 sets of environmental variables: (i) water chemistry 243 (pH, Eh potential and conductivity), (ii) temperature and (iii) phenolic compounds 244 (bound and free). The ordination patterns of microbial communities and their causal 245 relationships to environmental data-sets were assessed using redundancy analysis 246 
Environmental variables 258
During the experiment, temperatures recorded were stable in both Sphagnum segments 259 with 14.8 ± 0.4°C for T15, 19.4 ± 0.3°C for T20 and 23.9 ± 0.5°C for T25. The 260 conductivity and the Eh potential were significantly lower (P < 0.05) in T15 (30 ± 9.4 261 µS.cm -1 and 370.1 ± 16.2 mV, respectively) than in T20 and T25 (19.1 ± 3 µS.cm -1 and 262 335.5 ± 20 mV, respectively). The pH was stable during the experiment (pH = 4.1 ± 0.5 263 in IS, T15, T20 and T25). 264
265
Temperature effect on total phenolic compounds 266
The concentrations in the 3 treatments were 1.5 times higher in upper segments (bound: 267 an average of 2.6 mg.g -1 DW, free: an average of 1.8 mg.g -1 DW) than in lower 268 segments (bound: an average of 1.6 mg.g -1 DW, free: an average of 0.7 mg.g -1 DW) 269 (Table 1) . Bound phenolics produced by S. fallax did not significantly differ between 270 the upper and the lower segments, with the different temperatures. Free phenolics were 271 significantly higher in upper segments (P < 0.04) for T25 than for the other treatments. 272 A significant relation was also found between bound and free phenolics (P < 0.001, r = 273 0.62). 274 segments of Sphagnum whereas it was quite stable in lower segments (Fig. 1) . Indeed 277 the total biomass in upper segments was nearly twice as high with elevated temperature 278 dominated by H. papilio (35% and 43%, respectively) and E. strigosa (30% and 27%, 306 respectively) ( Table 2 ). The biomass of testate amoebae was correlated with the total 307 biomass of other groups added (r = 0.63, P < 0.01) in upper segments but not in lower 308 segments (r = 0.15, P = 0.57). The density of E. strigosa was significantly correlated to 309 the temperature increase (r = 0.62), the density of bacteria (r = 0.49) and free phenolics 310 (r = 0.58) in upper segments of Sphagnum (P < 0.01). In lower segments, no species 311 was significantly influenced by the temperature gradient nor free phenolics. 312
The results obtained for flagellates and ciliates strongly varied among treatments 313 in upper and lower segments but no effect of temperature was clearly observed. 314
315
Relationships between environmental parameters and Sphagnum biota 316
The MFA of the 3 environmental matrices (water chemistry, temperature and phenolics) 317 and the 2 microbial community (upper and lower segments) data sets confirmed the 318 existence of an overall division among the temperature treatments (i.e. T15, T20 and 319 T25) with different global structure of microbial communities (Fig. 2) . 320
In the separate RDAs, T20 and T25 microbial assemblages and T15 microbial 321 assemblage were clearly separated in upper segments (Fig. 3a) , while in lower segments 322 the separation between treatments was unclear (Fig. 3b) . The models explained 323 segments analysis (P < 0.01 for each axes, Monte-Carlo permutation test, 999 325 permutations). T20 and T25 microbial assemblages (particularly bacteria, fungi and 326 testate amoebae) in upper segments were related with temperature and free phenolics, 327 while microbial assemblage in T15 was related to Eh potential. In lower segments, 328 microbial community structures along the temperature gradient were not clearly 329 separated, except some T20 and T25 replicates correlated with elevated temperatures 330 and the biomass of bacteria. 331
The successive RDAs on individual environmental variables revealed that the 332 proportion of microbial data explained by each explanatory variable varied among 333 variables both between the environmental data sets and along the 2 vertical positions 334 (Table 3 ). The overall RDA (upper and lower segments) showed that free phenolics and 335 temperature data sets explained, independently of the other 2 data sets, respectively 336 11.9% (P = 0.004) and 7.6% (P = 0.02) of the microbial data variance. However, the 337 variance explained by these variables was however much higher in the partial RDA's of 338 upper and lower segments (Table 3) . For example, temperature explained 42.1% of the 339 microbial data variance in upper segments (P < 0.001) and decreased to 2.5% in lower 340 segments, while the variance explained by free phenolics increased from 5.2% to 15.7% 341 (P < 0.05) between the upper and lower segments. were found with the testate amoebae community structure (Jassey et al., 2011) . 425
Nonetheless, the significant relation between E. strigosa and free phenolics in upper 426 segments suggested a potential direct effect of these compounds on this species since its 427 density did not increase in lower segments while the density of bacteria increased. temperatures 15, 20, and 25°C (T15, T20, and T25) (n = 4). Letters indicate significant 620 differences of the total phenolic concentrations between the upper and the lower 621 segments for a same treatment (P < 0.05) and Asterisk indicates significant difference 622 between temperatures (P < 0.05). 623 Table 2 . Abundance of 12 testate amoebae species found in upper and lower segments 624
of Sphagnum fallax at initial stage (IS) and grown over an 8 weeks period at 15, 20 and 625 25°C (T15, T20, and T25) (n=4). Asterisks indicate significant differences of a same 626 species related to the gradient of temperature in upper and lower segments (P < 0.05). 627 
